what is known already: Anovulation occurs sporadically in healthy premenopausal women, but the influence of hormones in a preceding cycle and the impact on a subsequent cycle's hormone levels is unknown. study design, size, duration: The BioCycle Study was a prospective cohort including 250 healthy regularly menstruating women, 18-44 years of age, from Western New York with no history of menstrual or ovulation disorders. The women were followed with up to eight study visits per cycle for two cycles, most of which were consecutive. participants/materials, setting and methods: All study visits were timed to menstrual cycle phase using fertility monitors and located at the University at Buffalo women's health research center from 2005 to 2007. The main outcomes measured were estradiol, progesterone, LH and follicle-stimulating hormone levels in serum at up to 16 visits over two cycles. Anovulation was defined as peak serum progesterone concentrations ≤5 ng/ml and no serum LH peak detected during the mid-or late-luteal phase visit.
Introduction
Whereas chronic anovulation is considered a marker of a number of potential endocrine disturbances, it is thought that among healthy, regularly menstruating women of reproductive age, intermittent anovulatory cycles may occur but that preceding and succeeding cycles are ovulatory (Wathen et al., 1984; Chatterton et al., 2005) . Though anovulatory cycles tend to occur more frequently among women close to menarche and menopause, the prevalence of anovulatory cycles among regularly menstruating women is not well established (Treloar et al., 1970; Venturoli et al., 1987; Santoro et al., 1996) . It is typically understood that hormonal patterns during anovulatory cycles are lower than among ovulatory cycles, but it is not clear whether anovulation may be influenced by hormone abnormalities in preceding cycles or reflected in hormone levels during subsequent cycles (Buckler et al., 1991) .
Follicle-stimulating hormone (FSH) plays a major role in initiating and maintaining the development of several antral follicles during the ovarian cycle and works in conjunction with several other hormones, including estradiol, progesterone and LH (Mihm et al., 2011) . Little is known about how and when the dominant follicle is selected, but researchers hypothesize that it occurs early in the menstrual cycle and may be largely affected by or characterized by hormone levels during prior menstrual cycles (Oktem and Urman, 2010) . Consequently, anovulatory cycles where no ovum is released from the ovary, may be affected by preceding cycles or affect future cycles.
To address this gap, we evaluated the hormone profiles of healthy, regularly menstruating, premenopausal women who were monitored for two menstrual cycles with the specific aim of characterizing hormonal differences between anovulatory and ovulatory cycles. Understanding whether anovulation is a sporadic event or representative of an underlying endocrine or metabolic state could have important implications for women trying to become pregnant.
Materials and Methods

Study design
The BioCycle Study was a prospective cohort of 259 regularly menstruating, healthy female volunteers between the ages of 18 and 44. Only participants with data from two, not necessarily consecutive, menstrual cycles were included in this analysis (n ¼ 250 women, 90.8% with consecutive cycles). All women were recruited from the Western New York State region. Details of the study design are described elsewhere (WactawskiWende et al., 2009) . In brief, exclusion criteria included the use of oral contraceptives during the previous 3 months, pregnancy or breastfeeding in the past 6 months and self-reported prior diagnosis of certain chronic conditions, including thyroid disorders and a history of menstrual and ovulation disorders and uterine abnormalities, such as uterine fibroids and polycystic ovary syndrome (PCOS). Women with a self-reported body mass index (BMI; kg/m 2 ) of ,18 or .35 at screening were also excluded. The University at Buffalo Health Sciences Institutional Review Board (IRB) approved the study and served as the IRB designated by the National Institutes of Health for this study under a reliance agreement. All participants provided written informed consent.
Participants were prospectively followed for two menstrual cycles, with up to eight clinic visits per cycle, with blood samples collected for hormonal assessment timed to the cycle phase: second day of menstruation; midfollicular phase; three visits during periovulation and early, mid-and lateluteal phase. The actual calendar days for the peri-ovulatory visits varied between women, but based on a standardized 28-day cycle would correspond to approximately Days 12, 13 and 14. Fertility monitors (Clearblue Easy Fertility Monitor; Inverness Medical, Waltham, MA, USA) were used to supplement menstrual calendars to assist in the timing of mid-cycle visits (Mumford et al., 2011a) . Fertility monitors measured oestrone-3-glucoronide and LH in urine, starting on calendar Day 6 after menses and continuing for 10 -20 days, depending on whether the woman reached peak levels on the monitor. Monitor indications of low, high and peak fertility were used to time mid-cycle visits, with other visits scheduled according to an algorithm that took each woman's reported cycle length into consideration. Though the fertility monitor greatly improves cycle phase classification and identification of the LH surge, misclassification may still occur, and a realignment algorithm was applied to improve cycle phase classification . Data from fasting blood draws were, thus, synchronized with the planned menstrual phase visits so that all women were compared at similar cycle phases ).
Hormone and ovulation assessment
Reproductive hormones were measured in fasting serum samples collected at each clinic visit by the Kaleida Health Center for Laboratory Medicine (Buffalo, NY, USA). Cycle visits were scheduled to occur in the morning, typically between 07:00 and 08:30 h. Estradiol, FSH, LH and progesterone concentrations were measured using solid-phase competitive chemiluminescent enzymatic immunoassays by Specialty Laboratories Inc. (Valencia, CA, USA) on the DPC Immulite 2000 analyzer (Siemens Medical Solutions Diagnostics, Deerfield, IL, USA). Across the study period, the coefficients of variation for these tests were reported by the laboratory as ,10% for estradiol, ,5% for LH and FSH and ,14% for progesterone. Cycles were defined as anovulatory if peak progesterone concentrations were ≤5 ng/ml (Fritz and Speroff, 2011) across the cycle and no serum LH peak was observed during the later cycle visits [38 of 500 cycles (7.6%)] (Gaskins et al., 2009 ). This joint approach was utilized as a means of conservatively defining anovulation in this cohort, so that if progesterone levels were observed to be low, we were confident that levels were measured during the luteal phase (timing of the LH peak was only evaluated in cycles with low progesterone levels). We also performed a sensitivity analysis using a cut point of 3 ng/ml progesterone to define anovulation to evaluate the robustness of our findings.
Covariate assessment
At study enrollment, height and weight were measured using standardized protocols by trained study staff and were used to calculate BMI, while age, race, education, marital status, smoking and reproductive history were obtained by self-report via in-person questionnaires . Participants completed questionnaires regarding physical activity using the International Physical Activity Questionnaire (IPAQ) long form 2002 (Craig et al., 2003) . High-, moderate-and low-physical activity categories were formed on the basis of standard IPAQ cutoffs. Cycle length was defined as the number of days between the onset of menstrual bleeding. To differentiate from spotting, Day 1 was defined as menstruating by 16:00 h on that day after confirming two consecutive days of bleeding. We had at least 95% complete data for all assessed covariates.
Statistical analysis
Women were categorized into one of three ovulatory groups based on the number of anovulatory cycles they experienced: 0 (ovulatory during both cycles), 1 (anovulatory during one study cycle and ovulatory during the other) or 2 (anovulatory during both cycles). For some analyses, cycles, rather than women, were compared and these were grouped based on ovulatory status: ovulatory cycles among women with two ovulatory cycles, ovulatory cycles among women with one anovulatory cycle and anovulatory cycles. Because no differences were observed between anovulatory cycles among women with and without observed ovulatory cycles, all anovulatory cycles were collapsed into one group to improve statistical power.
Descriptive statistics were calculated for demographics, hormone levels, reproductive characteristics and health-related behaviors for both the entire cohort and by number of anovulatory cycles. Statistical comparisons were made using analysis of variance (ANOVA) for continuous variables and Fisher's exact tests for categorical variables.
Linear mixed models with random intercepts were used to evaluate differences in log-hormone levels across the cycle phases by cycle ovulatory status. Models were run adjusted for age and BMI, as age and BMI are known to be associated with hormone levels as well as with anovulation (Metcalf, 1979; Metwally et al., 2007; Pasquali et al., 2007; Moran et al., 2011) . Other potential confounders, including smoking status and past oral contraceptive use, were considered but were not included in the final model for parsimony, as there were only a small number of anovulatory cycles observed in this study. We also conducted a sensitivity analysis adjusting for race, parity and age at menarche. Significant pairwise differences were evaluated for each of the linear mixed models and P-values were adjusted for multiple comparisons using the Bonferroni method. Effect modification by BMI was also explored.
The area under the hormone concentration-time curve (AUC) was calculated for each of the four hormones, for each individual, using log-hormone concentrations and compared by cycle ovulatory status. We assumed a linear relationship between hormone values at each visit and calculated the area under each trapezoid between visits. AUCs summarize overall hormonal exposure and were used to compare hormonal exposure by cycle ovulatory status.
Nonlinear mixed models with harmonic terms were used to evaluate differences in hormone profiles during ovulatory cycles for women with two ovulatory cycles versus women with one ovulatory cycle and one anovulatory cycle (Albert and Hunsberger, 2005) . These models were originally developed for analyzing circadian rhythms, but have been adapted here to study menstrual cycle hormone patterns (Albert and Hunsberger, 2005) . These models are especially useful because they allow for not only an estimation of differences in mean levels, but also for estimation of the amplitude (differences between the nadir and the peak), and the phase shift (differences in the timing of events in a cycle), and were adjusted for age and BMI. Models were restricted to ovulatory cycles as the hormonal patterns for anovulatory cycles are distinctly different from ovulatory cycles, and these models assume that the underlying shape of the hormonal patterns is the same between groups. These models did not require uniform visit days, but rather standardized time was derived by taking the cycle day of the clinic visit and dividing by observed cycle length so that the start of the menstrual cycle is at time 0 and the end of the cycle is at time 1, with cycles centered on the day of ovulation at 0.5.
Most of the women in the BioCycle Study were followed for two consecutive menstrual cycles. A sensitivity analysis was conducted excluding women with non-consecutive study cycles (n ¼ 23 women). Moreover, we evaluated whether order of the anovulatory cycle was associated with differences in the hormonal profile, as it is unknown whether anovulatory cycles are influenced by preceding cycles or affect subsequent cycles, both, or neither.
A significance level of P , 0.05 was used for all analyses. Descriptive statistics, AUC analyses, linear mixed models and generalized linear mixed models were conducted with version 9.2 of SAS (SAS Institute, Cary, NC, USA). Nonlinear mixed models analysis with harmonic terms was conducted with version 2.13.0 of R (R Foundation for Statistical Computing, 2009).
Results
Demographics
Women were highly compliant; 94% of women completed at least seven clinic visits per cycle. For the purpose of this study, a completed cycle included a minimum of five visits per cycle, with at least one visit during mid-cycle. Those with less than eight visits per cycle were generally the result of having shorter cycles (e.g. 21 days) or having unexpected events occur (travel, illness). There were 168 missing visits out of a total of 4072 (4.1%).
Overall, women in the BioCycle Study were young (mean age: 27.5 years), of healthy weight (mean BMI: 24.1 kg/m 2 ), physically active (moderate to high physical activity: 90.8%) and non-smokers (96.0%; Table I ). Age was strongly associated with the number of anovulatory cycles, with women with two anovulatory cycles being on average 8.8 years younger (P ¼ 0.0004) than women with two ovulatory cycles. In turn, women with two anovulatory cycles also tended to be unmarried and nulliparous as these factors are strongly associated with age. Number of anovulatory cycles was not associated with BMI, race, education, smoking status, past oral contraceptive use or physical activity. There were also significant differences in menstrual cycle characteristics. Measured cycle length differed by number of anovulatory cycles, with women with two anovulatory cycles having the shortest cycle lengths (P , 0.0001). We found similar differences in mean reported cycle length over the past 12 months, though these differences only achieved marginal significance (P ¼ 0.07). There were no observed differences in reported or measured mean menses length by number of anovulatory cycles. Though women with two anovulatory cycles experienced menarche at a later age on average, the difference was not statistically significantly different.
Linear mixed models
Mean hormone levels were higher during ovulatory cycles when compared with anovulatory cycles for estradiol, progesterone and LH and often lower for FSH regardless of whether a woman had one or no anovulatory cycles (Fig. 1) . Lower estradiol and progesterone levels as well as a decreased LH peak were observed in the ovulatory cycles of women with one anovulatory cycle compared with those with two ovulatory cycles. These differences were particularly pronounced around the time of ovulation and during the luteal phase. No effect modification by BMI was observed (data not shown).
Area under the curve
There were significant differences in the AUC by ovulatory status for estradiol, progesterone and FSH (Table II) . For estradiol, ovulatory cycles among women with two ovulatory cycles had significantly higher AUCs than the ovulatory cycles of women with one anovulatory cycle or two anovulatory cycles [3149.7 versus 2309.5 and 1962.0 (log pg × day/ml), respectively]. Similarly, for progesterone, ovulatory cycles among women with two ovulatory cycles had significantly higher AUCs than the other two cycle types [105.6 versus 47.3 and 25.4 (log ng × day/ml)]. For FSH, ovulatory cycles among women with two ovulatory cycles had significantly higher AUCs than all anovulatory cycles [183.9 versus 159.4 (log ng × day/ml)]. No significant differences were observed for LH.
Nonlinear mixed models with harmonic terms
We observed differences in the hormonal profiles of ovulatory cycles between women with and without an anovulatory cycle (Table III) . Specifically, mean estradiol levels were on average 24% lower (95% CI: 214, 232) across the cycle among women with at least one anovulatory cycle when compared with women with no anovulatory cycle. Women with at least one anovulatory cycle also had a smaller amplitude (P ¼ 0.0004; Fig. 2) .
Models further suggested that women with at least one anovulatory cycle had lower mean progesterone values by 26% (95% CI: 218, 233) with a smaller amplitude (P , 0.0001) when compared with women with no anovulatory cycles (Table III, Fig. 2) .
Women with one anovulatory cycle had FSH peaks that occurred 0.6 days later during their ovulatory cycles when compared with women without an anovulatory cycle (FSH, P ¼ 0.004). Women with one anovulatory cycle also had significantly lower amplitude of LH (Table III, Fig. 2 ).
Sensitivity analysis
There were 23 individuals with non-consecutive cycles in our analysis: 19 women who had two ovulatory cycles and 4 women who had 1 ovulatory cycle and 1 anovulatory cycle. The time between cycles ranged from 20 to 144 days, with a mean and median of 43.7 and 30 days, respectively. Excluding these women had little impact on the results, though some results lost statistical significance due to a loss of precision associated with the smaller sample size (data not shown). Despite this, all results were trending in the same direction as seen in previous analyses.
Further, additional analyses were conducted wherein women with one anovulatory and one ovulatory cycle were analyzed according to the order of their ovulatory and anovulatory cycles. We did not observe any differences in hormonal profiles by order of ovulatory and anovulatory cycles; hormone levels were lower during ovulatory cycles irrespective of whether the anovulatory cycle occurred prior to or following the ovulatory cycle (data not shown). Moreover, additional adjustment for race, parity and age at menarche did not appreciably alter the results (data not shown). A sensitivity analysis comparing our definition of anovulation based on a cutpoint of ≤5 ng/ml with a stricter cut point for defining anovulatory cycles (≤3 ng/ml) showed similar results. Based on this stricter cut point, there were a total of 23 anovulatory cycles (4.6%), when compared with 38 based on the 5 ng/ml cut point (7.6%). In general, the patterns that we observed between women with and without ovulatory cycles remained, although, in some cases became non-statistically significant due to a loss in power because of the reduced number of anovulatory cycles. Specifically, the geometric mean hormone levels were observed to follow similar patterns with levels during the ovulatory cycle of those women with sporadic anovulation being lower than women with two ovulatory cycles, though these levels were closer to the levels observed during anovulatory cycles (data not shown). Moreover, the AUC results also followed similar patterns, but that the area for the ovulatory cycle of women with sporadic anovulation was even lower than when the 3 ng/ml cut point was used. Finally, the harmonic model results also follow a similar pattern, with similar point estimates and no change in inference.
Discussion
In a prospective cohort study of 250 healthy premenopausal women, we found differences in hormone profiles during ovulatory cycles between women who experienced an anovulatory cycle and women who did not. Compared with women with two ovulatory cycles, women with one anovulatory cycle had statistically significantly lower estradiol, progesterone and LH peak levels during their ovulatory cycle. We also found that women with anovulatory cycles tended to be younger, unmarried, nulliparous and have shorter cycles on average. These differences in hormone profiles during the ovulatory cycles of women with anovulatory cycles suggest that anovulation may not always be a sporadic event, even among healthy, premenopausal women like those in the BioCycle Study. Among women with presumed sporadic anovulation, we observed alterations in the hormone profiles of preceding and subsequent cycles, suggesting chronic subclinical follicular and ovarian dysfunction.
Our findings are consistent with previous research that has shown that younger women have a higher probability of anovulation (Vollman, 1977; Metcalf, 1983) . In addition, previous research has also shown that unusually short and long cycles are 10-30% more likely to be anovulatory, though in our study only short cycles were associated with anovulation (Metcalf, 1979) . However, longer cycles are typically more characteristic of anovulation during menopause and the perimenopausal transition, and our study population consisted of healthy premenopausal women (Treloar et al., 1970) . Our finding of lower hormone levels during anovulatory cycles is expected as anovulation is typically defined based on the analysis of hormone levels, and these results are consistent with reported hormonal profiles among anovulatory cycles (Buckler et al., 1991) . However, there is a lack of comparable research evaluating hormonal profiles among women who experience sporadic anovulatory cycles. Previous research in the BioCycle Study showed that the anovulatory women displayed several characteristics of endocrine and metabolic disturbances (increased LH:FSH ratios, presence of acne and decreased levels of sex hormone-binding globulin), even after adjustment for age and BMI (Mumford et al., 2011b) . The current results extend these findings and demonstrate that women with anovulatory cycles tend to have reduced estradiol, progesterone and LH peak levels, and increased FSH levels even during their ovulatory cycles.
We also found using the nonlinear mixed models with harmonic terms that women with one anovulatory cycle had slightly higher FSH concentrations throughout their ovulatory cycle. Though these results were not statistically significant, they suggest that the pituitary gland may be releasing more FSH in women with anovulatory cycles in an attempt to compensate for poor follicle development and inadequate estrogen production in response to normal FSH levels. Future studies should incorporate serum anti-Mullerian hormone or antral follicle count by ultrasound to further investigate this possibility.
Research is needed to further identify the pathophysiology of incident anovulation among eumenorrheic women. Future studies should attempt to address how long it takes to transition from the healthy hormone profile typically seen during ovulatory cycles to the abnormal hormone profile found during anovulatory cycles, as well as how long it takes for the hormone profile to recover after an anovulatory cycle. In addition, investigators should consider incorporating additional markers of ovarian reserve and ovulation to more specifically evaluate the etiology of this phenomenon.
Our study includes several limitations. First, our sample size was limited, particularly for those groups involving an anovulatory cycle, as this cohort study was designed to follow healthy, regularly menstruating women. Secondly, our assessment of ovulatory status was limited in that ultrasound was not available for comparison, and some misclassification is possible as our classification of anovulation was based on multiple serum luteal progesterone measurements and LH concentrations. Misclassification of ovulatory status would tend to dilute the observed effects. However, we found similar results when using a stricter cut point for defining anovulatory cycles. In addition, some investigators question the occurrence of anovulatory cycles among regularly menstruating women and suggest that this is simply a matter of insensitivity of the biomarker approach (Malcolm and Cumming, 2003) . They argue that, with ultrasound, all cycles among regularly menstruating women will be classified as ovulatory, a possibility we cannot rule out with the data available. Further, our assessment was limited to two menstrual cycles, and androgen measurements were not available for better characterization of mild PCOS-like phenotypes. AUCs were calculated with log-hormone concentrations. Superscripts indicate significant pairwise differences at the 0.05 level between cycle types within each hormone. For example, groups identified with 'a's' are similar to each other, but are statistically significantly different from groups identified with 'b's'.
2
Ovulatory includes cycles of women with two ovulatory cycles; ovulatory cycles in women with one anovulatory cycle includes the ovulatory cycles only of women with one ovulatory and one anovulatory cycle, all anovulatory includes all anovulatory cycles from women with two anovulatory cycles A -A and the anovulatory cycle of women with one ovulatory and one anovulatory cycle A of O -A/A -O.
Our study also has several strengths. Study participants were highly compliant so there were relatively few missing visits. In addition, this is one of the few studies that had follow-up for more than one menstrual cycle and the majority of the women in the study had consecutive cycles, allowing for inferences to be made across the two cycles. Moreover, we were able to adjust for several important confounding factors, including age, BMI, race, parity and age at menarche, though some residual confounding may still be present.
In conclusion, we observed that among a cohort of healthy, regularly menstruating women, women with at least one anovulatory cycle had atypical hormonal and gonadotrophin profiles even during their ovulatory cycles. These results suggest that anovulation may not be a sporadic event, but rather a result of a longer-term subclinical follicular, ovarian or hypothalamic/pituitary dysfunction. Further research is needed among larger cohorts with follow-up over multiple sequential cycles to further elucidate these findings. intellectual content. H.L.M. and S.L.M. performed the statistical analysis. E.F.S. and J.W. supervised the study.
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